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Supplementary Figure 1 : Explanation of the multiple threshold method used to find the hits of the electronic traces. Panel a) shows the fitted trace using a single threshold (green dashed line); the second peak is not found. In panel b) the traces are reconstructed using five thresholds which are equally spaced. At the 3rd threshold two extra crossings, thus an extra peak, are found and the fitting code is run using this threshold instead of the first threshold. Now both peaks are found. The centers of the peaks are fitted with a Gaussian function. The experimental trace is in black, the fitted trace is in red. The blue lines indicated the tested threshold and the green line indicates the threshold that is used to find the most number of hits.
Supplementary Figure 2:
Direct outcomes of our momentum imaging experiment. Panel a) displays for all ions the position on the detector along the molecular beam propagation direction as a function of time of flight (TOF). The fluorine, oxygen and nitrogen ions have a larger momentum than the xenon ions (small dots). Except for the background ions (nitrogen and oxygen), the central position (the average value of x) of the ion species decreases as the time-of-flight increases, due to the molecular beam velocity. The background ions are centered around x=0. The insert shows the TOF for Xe 3+ to Xe 5+ , and the isotopic structure is resolved. Panels b) and c) show the detector images of Xe 3+ and F 3+ , respectively. The molecular beam propagation direction is plotted on the x-axis and the laser propagation direction on the y-axis. The F 3+ ions spread across the detector area due to its large momentum, while the Xe 3+ ions show little momentum spread. The color label has been normalized to the maximum of counts: a) 16204, b) 4748, and c) 4.
Supplementary Figure 3:
Measured photoion-photoion coincidence spectra of XeF2 obtained after application of the momentum filters. The sum of the TOF of the xenon ion plus a fluorine ion is displayed on the y-axis and the TOF of the second fluorine ion is displayed on the x-axis. The different curvatures indicate different F q 1 + -Xe q+ -F q 2 + charge channels. The number of counts have been normalized with respect to the maximum of detected counts to be max 1352. Photoabsorption cross sections for the pump (purple arrow) and probe (red arrow) pulses. The cross sections are arbitrarily scaled. The neutral xenon difluoride cross section (purple curve) is taken from Ref. [8] . The Xe 3d → f shape resonance of the molecule is pumped at 690 eV. The xenon ions Xe q+ cross section (black line) is taken from Ref. [15] and averaged over q + using the ion branching ratios of Ref. [8] . The F 1s → 2p resonances calculated with Cowan's code [13] are plotted in red. All cross sections shown are broadened by the ∼5-eV energy widths of the x-ray pulses. The 683-eV probe pulse excites the F + and F 2+ ions formed during dissociation of the molecular ion. I n t e n s i t y ( a . u . ) K i n e t i c E n e r g y R e l e a s e ( e V ) b )
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Supplementary Figure 6 : KER distribution for the F 2+ -Xe q+ -F 3+ breakup channel: a) when we have only the probe (purple line) or the pump (green line) pulse. Both distributions were fitted with a Gaussian distribution and added together to show the static KER distribution (blue line). b) and c) The measured KER distribution (black line) for the pump-probe run, with 29-fs and 54-fs time delays, perfectly overlaps with the measured distributions (blue line) originating from the absorption of two photons in the same pulse, either pump or probe, and the distribution of the pump-probe events (red line, calculated with the theoretical approach explained in Supplementary Note 5). Supplementary Fig. 8(a) , and the % areas listed here are the areas at energies below the vertical dashed line that marks 20% of the KER distributions of the 29 fs data. The ratios of the areas at 4 fs and 54 fs show the changes in the KER distributions at short and long delays. 
Supplementary Note 1: X-ray pulse generation
A pump-probe experiment was performed on XeF 2 using the split undulator method described by Lutman et al.
[1] to generate two x-ray pulses with two colors at delays of 4, 29, and 54 fs. The x-ray pulse durations were approximately 10 fs FWHM and the combined pulse energies were ∼33 µJ before the transport optics. The pump pulse x-ray energy was centered at 690 eV and the probe pulse x-ray energy was centered at 683 eV. The pulses were generated by self-amplified spontaneous emission (SASE) and the bandwidths were ∼5 eV FWHM.
The procedure began by generating a single 150 pC pulse with a duration of ∼100 fs. The emittance spoiler foil [2] was used to reduce the pulse energy and duration to the levels needed for two-pulse generation. There is a trade-off between pulse energy and duration. To obtain the 10 fs pulses needed for our pump-probe experiments, the total pulse energy was reduced to ∼33 µJ.
The two-color, two-pulse generation method is described in detail in Ref. [1] . Briefly, a single electron bunch is used to generate both x-ray pulses. The bunch passes through the first 10 undulator sections to generate the pump pulse. A magnetic chicane allows a controlled delay between 0 and 50 fs, and an extra 4 fs comes from the intrinsic delay of the second color during the exponential growth through the downstream undulators. By shifting the undulator strength parameter, the x-ray energy could be shifted by up to ∼12 eV in the energy range near 700 eV.
The x-ray pulses were first directed to the soft x-ray materials research (SXR) beamline in order to measure the x-ray energies with a grating spectrometer [3] . The SXR instrument contains a gas absorption cell. We used the Xe 3d 5/2 → 6p resonance at 674 eV for energy calibration. The two-color x-ray pulses used for the XeF 2 measurements were then observed with the SXR spectrometer and used to shift the colors and balance the pulse energies.
The two pulses were then directed to the Atomic, Molecular and Optical Science (AMO) station for the pump-probe experiments [4] . The combined x-ray pulses were microfocused onto the target molecular beam by Kirkpatrick-Baez mirrors. Spatial overlap of the two pulses was adjusted by viewing their images with CCD cameras on screens inserted in the beam path.
With the two pulse energies calibrated, overlapped, and focused in the chamber, the pump-probe delay could be adjusted and either the pump or probe pulse removed. In that way, a set of measurements were made using pump-only, probe-only, and pump-probe delays of 4, 29, and 54 fs.
Supplementary Note 2: Data acquisition and analysis
The ions, produced by the interaction of both x-ray pulses with the target molecules, were projected onto a timeand position-sensitive detector, a hexanode delay-line detector (RoentDek HEX80), by a homogeneous DC electric field (483 V/cm), which allowed for an optimal collection efficiency (angular acceptance) for the energetic (fluorine) fragments but limited the kinetic energy resolution of the xenon ions. For each shot the 7 electronic traces (MCP, u1, u2, v1, v2, w1, w2) of the hexanode detector were saved by Acqiris pulse digitization boards with 500 ps time resolution. The traces were analyzed using the CASS-CFEL-ASG software suite [5] . However, we implemented our own "Center-of-Mass" method using multiple thresholds instead of a single threshold which allow recovering "double peak structures", see Supplementary Fig. 1 , due to fluorine ions arriving to the detector at similar time. The multiple-threshold method recovers around 5% more hits (mainly due to an extra peak in the double peak structure).
The hits of the 7 traces were converted into x,y,t coordinates using the reconstruction code of Roentdek [6] . The three-dimensional (3D) momentum vectors of each detected ionic fragment were reconstructed from the x,y,t coordinates. Subsequently the XeF 2 molecular ion breakup channels were reconstructed by applying momentum conservation. A filter was set for all directions separately as well as for the total momentum: dp x = 55 a.u., dp y = 75 a.u., dp z = 36 a.u., dp xyz = 70 a.u.). The momenta are used to calculate the kinetic energy of each ion, and the kinetic energies of three ions in a breakup channel allow determining the total kinetic energy release (KER), sum of each kinetic energy. The error in kinetic energy release is 1.2 eV (standard deviation). The three ion momentum distributions are plotted in Dalitz and Newtons plots. Supplementary Fig. 2 depicts the position on the detector along the molecular beam propagation direction as a function of time of flight (TOF). The TOFs of all ions are plotted along with the detector xy images of the F
3+
and Xe 3+ ions. Note that in the TOF, the central position (the average value of x) of ion species decreases as the time-of-flight increases, due to the molecular beam velocity. After the breakup, all the fragments have an additional velocity in the x-direction due to the molecular beam velocity, and the fragments with more TOF (time to reach the detector) present larger shifts in the x-direction. The events coming from nitrogen and oxygen molecules do not display this effect, because those molecules are from the background gas and not the molecular beam. One way to display the three-ion coincidences is to plot the TOF of one F ion vs. the sum of the TOFs of the other F ion and the Xe ion. These PiPiCo spectra are shown in Supplementary Fig. 3 .
In Supplementary 
Supplementary Note 3: Cross sections and transition rates
Using the two-color/two-pulse method of Ref. [1] to generate the x-ray pulses, the photon energy separation between the two colors was limited to ∼12 eV in the energy range near 700 eV. That was a factor in choosing XeF 2 for a hetero-site-specific experiment, because the Xe 3d 5/2 , Xe 3d 3/2 , and F 1s ionization energies (679.31 eV, 692.09 eV, and 691.23 eV, respectively [7] ) are within that tuning range. Also, we had previously studied charge redistribution and ion fragmentation of XeF 2 induced by Xe K -shell photoionization [21] . Another consideration is that measurements on XeF 2 can be compared with measurements and calculations on atomic Xe. In preparation for the present pump-probe experiment, we measured photoionization cross sections and partial ion yields of Xe and XeF 2 from Xe 3d 5/2 , Xe 3d 3/2 , and F 1s subshells in the 660-740 eV range [8] . Results of those measurements were used to help guide the LCLS experiment.
The goal was to trigger Xe 3d photoionization and core-hole decay with the pump pulse and then probe the emerging F ions during the dissociation of the molecular ion. The estimated photoabsorption cross sections for the pump and probe pulses are shown in Supplementary Fig. 4 . The cross sections are arbitrarily scaled to each other, but they show the resonant features which led us to choose the 690-eV pump and 683-eV probe energies. The cross section for ground-state XeF 2 is from the measurements of Ref. [8] . The 690-eV pump energy is near the maximum of the Xe 3d 5/2 → f shape resonance, and a strong F 1s → LUMO (lowest unoccupied molecular orbital) resonance is observed at the 683-eV probe energy [8] . The LUMO is a delocalized anti-bonding MO with large components of Xe 5p and F 2p orbitals [8, 12] .
A quantitative description of how the XeF 2 orbitals are correlated with the states of the fragment ions following x-ray absorption is required to develop an accurate model of the transient states. The absorption cross sections of the transient states of the x-ray-pumped molecule are not known and are quite difficult to calculate, because they involve high charge states and ultrafast nuclear motion. Although these states have some molecular character, we estimated the cross sections of the x-ray-pumped molecule by a combination of atomic cross sections of the Xe and F ions. Experimentally, we probed the emerging F + and F 2+ ions near their 1s → 2p resonances. These are calculated to be at ∼681.5 and ∼686 eV [13, 14] , respectively, and both have large oscillator strengths. The calculated resonances are plotted in Supplementary Fig. 4 after broadening with the ∼5-eV width of the probe pulse. The absolute cross sections for 3d photoionization of the low charge states of Xe have been measured by a merged photon-ion technique [15] . Using the measured Xe q+ branching ratios of Ref. [8] and the cross sections of Ref. [15] , a weighted-average Xe q+ cross section was derived and is plotted in Supplementary Fig. 4 . The Xe q+ cross section maximum shifts up in energy and the probability of exciting the Xe site with the probe pulse at 683 eV is reduced.
The 690-eV pump pulse triggers Xe 3d photoionization of XeF 2 and a multi-step Auger cascade that induces breakup of the molecular ion to a range of Xe charge states and F ions [8] . The 683-eV probe pulse can then excite the 1s → 2p resonance of either F + or F 2+ that emerge during the breakup process. There is no experimental data for the photoionization yields of the 1s → 2p resonance in fluorine atom, but there is for atomic nitrogen and oxygen. The single-, double-, and triple-charge-state yields following 1s → 2p photoexcitation of atomic nitrogen [16] and atomic oxygen [17] have been measured. Single ionization is dominant, but the double-ionization yields are ∼20%. We propose that a combination of Auger decay and shakeoff will similarly result in single and double ionization of the F + and F 2+ ions excited at their 1s → 2p resonances.
Supplementary Note 4: Understanding the measured KER
In this note we present the KER distributions for the runs in which we have only the pump pulse or only the probe pulse, see Supplementary Fig. 5 . Note that this breakup channel is induced by the absorption of two photons, hence, both the pump and probe are intense enough for inducing two-photon sequential processes. Because of the limited beamtime, the pump-only and probe-only data were recorded for shorter measurement periods than the three pump-probe runs. Despite the large statistical errors, the KER ranges can be determined and are roughly the same. The difference in the observed pump-only and probe-only distributions could simply reflect the counting statistics.
In the experimental data, we have contributions from different two-photon processes: i) when two photons are absorbed from the pump pulse, ii) when two photons are absorbed from the probe pulse, and iii) when one photon is absorbed from the pump pulse and one photon is absorbed from the probe pulse (pump-probe signal). It should be noted that two-photon events from either the pump or the probe are always present in the measured data for all pump-probe runs, whereas the simulations do not include such background (static, no time-dependent) events. In Supplementary Fig. 6 , we have combined the measured KER for F 2+ -Xe q+ -F 3+ , and the theoretical calculations for the pump-probe events. First, we fit the measured events of the pump and the probe with a Gaussian profile and we add their corresponding broadening. Then, the corresponding fit is plotted together with the theoretical calculations for the pump-probe events, and both distributions perfectly overlap with the measured F 2+ -Xe q+ -F 3+ events of the pump-probe runs. Supplementary Fig. 7 illustrates the mechanism of pathway (2) 
Supplementary Note 5: Classical breakup model
The response of a molecule after the absorption of a x-ray photon is highly nonperturbative, presenting various electron and nuclear processes that are involved in the inner-shell hole relaxation. In heavy elements such as the xenon atom, the creation of 3d inner-shell holes mainly induces a multi-step cascade of Auger processes, i.e. a sequential emission of Auger electrons. Those processes produce a range of charge states, from Xe + up to Xe 8+ [19, 20] . In XeF 2 molecule, the removal of a Xe 3d electron will also trigger the multi-step cascade of Auger processes. The first steps of the Auger processes are localized in the Xe site. However, the late stages of the Auger cascade, in contrast with Xe atom, involve delocalized valence electrons that spread charge to neighboring atomic sites. In previous studies of XeF 2 molecules [21] , the kinetic energies of the F fragment ions suggested that ion dissociation begins while the Auger cascade is still in progress and charge is developing on the system. Other experiments that measure ion fragments in coincidence also suggest that charge production, charge redistribution, and ion dissociation proceed concurrently in molecular systems [22, 23] . The present experiment is designed to observe x-ray induced electronic and nuclear dynamics in progress.
A quantum-mechanical model of the inner-shell hole decay dynamics is very challenging for theory and computational methods. In general, it involves several charge states, with a wide range of excited electronic states, and with strong nuclear dynamics that cannot be neglected. Therefore, in order to model the hetero-site pump-probe signal observed in the KER, we need to resort to a less complete model and make some approximations to reduce the complexity of the dynamics. By using a model based on classical interactions (Newton equations for charged particles), we are able to qualitatively describe the time dependence observed in the F 2+ -Xe q+ -F 3+ breakup channel, as shown in Supplementary Fig. 8 . In the classical model, the probe pulse can either excite the F + or the F 2+ ion. Therefore, the probe can induce population transfer either from the F 2+ -Xe q+ -F + or the F 2+ -Xe q+ -F 2+ channels into the F 2+ -Xe q+ -F 3+ channel. Note that the ions may not be in the ground ionic states during the breakup process. Resonant excitation from the probe pulse will result in the charge states increasing by 1 or 2 by a combination of Auger and shake-off processes. In measurements on atomic oxygen and nitrogen at the 1s → 2p resonances, singly, doubly, and triply charged ions are produced [16, 17] . The doubly charged yields are ∼20% of the singly charged yields. Hence, we can identify two pathways contributing to the F 2+ -Xe q+ -F 3+ breakup channel. The first pathway follows
while the second pathway follows
By using classical-motion equations, each KER of F 2+ -Xe q+ -F + and F 2+ -Xe q+ -F 2+ channels can be mapped onto an initial distribution (the total kinetic energy is converted to Coulomb potential energy). Here we assume that the initial internuclear distances between Xe and the two F are equal. For the F 2+ -Xe q+ -F + and F 2+ -Xe q+ -F 2+ channels we obtain an internuclear distance distribution between 1.96 -5.47Å and 2.01 -4.13Å, respectively, compared with the equilibrium distance of the neutral molecule at 1.97Å. The model indicates that the F 2+ -Xe q+ -F 2+ channel is generally formed at later stages of the Auger cascade, when the molecule has already started to dissociate, and the ions of the breakup channel are formed when the internuclear distance is larger than the equilibrium distance. Similarly, the F 2+ -Xe q+ -F + channel is generally formed when the molecule is dissociating, but it can also be formed near the equilibrium distance. The KER distribution induced by the probe pulse is calculated by evolving the charged particles for every internuclear distance in the initial distribution during the three time delays. The differential equation given by three point-like charges separated by a certain internuclear distance and repelling each other by the Coulomb force is solved by a Runge-Kutta method. Note that no molecular potential curve is considered, i.e. the potential is taken to be purely Coulombic. After a specific time delay, we assume that the probe instantly increases the charge of a F particle, plus one or two, and we obtain a F 2+ -Xe q+ -F 3+ KER distribution, see Supplementary Fig. 8 . For simplicity, our simulations do not account for the ∼10 fs pulse durations or the ∼4 fs lifetime of F 1s holes. The classical simulations qualitatively reproduce the time dependence in the measured KERs. As mentioned above, the doubly charged yields are expected to be ∼20% of the singly charged yields. On the other hand, our measurements of the charge-state yields of the pump pulse show a relative ratio of around 4 times more F 2+ -Xe
In addition, from atomic calculations, we expect similar absorption cross sections at 683 eV for the excitation of F + and F 2+ ions. Hence, contributions from the two pathways are similar. We also observed a hetero-site pump-probe signal in the F + -Xe q+ -F 3+ channel. We can also use the classical breakup model for this particular channel. Two pathways can be identified, following
and
The classical model is also used to calculate the population transfer F + -Xe
, but in this case the time-dependent pump-probe signals lie within the F + -Xe q+ -F 2+ KER distribution created only by the pump pulse. Thus, the model also gives an explanation why in the experimental data no time dependence is observed in the F + -Xe q+ -F 2+ KER distribution.
Supplementary Note 6: Over-the-barrier classical model
In this section we discuss the time scales for charge redistribution initiated by the pump excitation. To obtain a quantum-mechanical description of the charge redistribution during the inner-shell hole relaxation is quite challenging, and we will need to calculate Auger decay rates for a large manifold of electronic transient states at different internuclear distances. In addition, we will also need to consider the nuclear motion of the molecule in addition to changes in the valence electron density. There is currently no code available to describe such quantum-mechanical dynamics. Instead, we can borrow a classical "over-the-barrier" model from ion scattering experiments that has been proven to work very well to describe charge redistribution during inner-shell excitation [22] . That model allows the estimation of the critical internuclear distances of XeF 2 ion breakup channels at which charge redistribution cannot occur energetically, see Supplementary Table 3. For reference, the equilibrium distance of the neutral XeF 2 molecule is 1.97Å. In a breakup channel with Xe 4+ , an electron located in a F + ion can be transferred to the Xe ion at distances less than 3.1Å, while an electron located in a F 2+ ion can only be transferred to the Xe ion at distances less than 2.3Å. However, if we consider the classical breakup channel of F + -Xe 4+ -F + , the internuclear distances at time delays of 4 fs, 29 fs, and 54 fs will be 2.04Å, 4.39Å, and 8.01Å, respectively. Therefore, this model provides an estimate of when charge redistribution is not possible. For all the breakup channels, charge transfer is likely at 4 fs, but far less so for the time delays 29 fs and 54 fs. In order to convince ourselves that this will be the general rule, we can consider a "slow-dissociative" breakup channel, F + -Xe 2+ -F + , for which the internuclear distances at 4 fs, 29 fs, and 54 fs will be 2.01Å, 3.41Å, and 5.81Å, respectively.
Obviously, this model is simplified, as we should also consider Auger decay rates (the first Auger transitions will be very fast, only a few femtoseconds) and the pulse length of the pulses (around 10 fs). However, the calculated values with the "over-the-barrier" model are sufficient to make the general statement that charge redistribution is possible at 4-fs time delays, small at 29-fs time delays, and nonexistent at 54-fs time delays. These estimates are important for analyzing the time-dependent features observed in the KER distributions of the F 2+ -Xe q+ -F 3+ channel, as it eliminates the possibility that the observed pump-probe signal comes from absorption of the probe at the Xe site followed by a charge redistribution to the fluorine sites.
Supplementary Note 7: Additional statistics for time-dependent KER
In this note we present additional analysis of our results for the F 2+ -Xe q+ -F 3+ breakup channel. In Supplementary  Fig. 8 we show the KERs for the three pump-probe time delays. The position of the vertical dashed line indicates the lowest 20% of the KER of the 29-fs pump-probe data. This is the region showing the most prominent time-dependent effects. The areas below the dashed line are smaller for the 4-fs pump-probe data and larger for the 54-fs pump-probe data. The ratios of those areas are listed in Supplementary Table 4 and show a clear time dependence.
Supplementary Note 8: Understanding ion-momentum distributions
For the analysis of the linear momentum distribution, we use Dalitz plots [23, 24] , which are a functional way to visualize momentum distributions of a three-body break-up. In the main manuscript we already show the effects of the hetero-site pump-probe signal. Here we show additional Dalitz plots to support the discussed results. The top panels of Supplementary Fig. 9 ion, respectively. This is expected from a simultaneous classical break-up of a linear triatomic molecule with asymmetric charges (and equal mass). In the bottom panel, we observe the Dalitz plot also for the F 2+ -Xe q+ -F 3+ channel, but for the hetero-site pump-probe data with a time delay of 54 fs. In general, the momentum distribution is also shifted toward the F 3+ ion, similar to the case when only the pump is present. However, in the pump-probe distribution at 54 fs, we observe a small contribution emerging toward the F 2+ ion. This contribution comes from the hetero-site pump-probe events, in which the interaction of the probe pulse transfers population from the F 2+ -Xe q+ -F + and F 2+ -Xe q+ -F 2+ channels to the F 2+ -Xe q+ -F 3+ channel, in agreement with the top two left figures.
